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Abstract A new solid-state polymer composite electrolyte
based on hypergrafted nano-silica (SiO,-g-HBPAE)/
hyperbranched poly (amine-ester) (HBPAE) doped with lithi-
um perchlorate (LiClO,) was studied in this paper. The N,N-
diethylol-3-amine-2-methyl methylpropionate monomer was
firstly synthesized by methyl methacrylate (MMA) and
diethanolamine through Michael addition reaction and then
self-condensed on the surface of nano-silica pretreated by 3-
aminopropyltriethoxysilane (APTES) and MMA. The synthet-
ic procedure of the monomers and SiO,-g-HBPAE/HBPAE
was traced by fluorescence spectra. The size and grafting ratio
of Si0,-g-HBPAE were characterized by transmission electron
microscopy, static light scattering and thermogravimetric anal-
ysis. Incorporating SiO,-g-HBPAE to HBPAE could not only
decrease the glass transition temperature of polymer according
to the differential scanning calorimetry characterization, but
also increase the elastic and viscosity modules indicated by
rheological measurement results. Electrochemical properties
of SiO,-g-HBPAE/HBPAE/LiClO, were also investigated.
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The conductivity of SiO,-g-HBPAE/HBPAE with 50 wt%
LiClO, reached 1.4x107° S/cm at 30 °C and 107 S/cm at
100 °C. The lithium-ion transference number of synthesized
hyperbranched electrolyte can be up to 0.55.

Keywords Hyperbranched poly (amine-ester) - Hypergrafted
nano-silica - Polymer composite electrolyte - Conductivity -
Lithium battery

Introduction

The conventional lithium-ion battery suffers from evaporation
and leakage of the liquid electrolyte during the long-term oper-
ation, which leads to the decay of the cell performance and
security. In order to improve the long-term stability and security,
one way is to develop polymer lithium batteries with solid-state
polymer electrolytes to substitute for the traditional volatile lig-
uid electrolytes. This kind of battery is regarded as the most
promising rechargeable chemical power source because of its
outstanding properties such as high energy density, long cycle
life, low leakage, light weight and flexible shape. Thus, extensive
researches into polymer electrolyte are being pursued on [1-6].
As known, the primary solid phase polymer electrolytes are poly
(ethylene oxide) doped with lithium salts systems, which offer
very low ionic conductivity at ambient temperature [7].
Lithium ions have been demonstrated to mainly transport
in amorphous regions of polymer electrolyte. So reducing
crystallinity of the polymer and increasing mobility of the
polymer chains are effective methods to improve the conduc-
tivity. Based on this principle, a lot of research has been done
via blending [8—11], copolymerization [12—16] and
crosslinking [17, 18] to prepare polymer electrolyte systems
with less crystallinity, lower glass transition temperature and
more segment movement capability. Hyperbranched polymer

@ Springer


http://dx.doi.org/10.1007/s10008-015-3073-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-015-3073-7&domain=pdf

1846

J Solid State Electrochem (2016) 20:1845-1854

is one kind of macromolecule with non-crystalline structure,
less chain entanglement and plenty of terminal functional
groups. At the same time, hyperbranched polymer provides
lots of cavities between highly branched structural units.
Based on this typical structure feature, hyperbranched poly-
mer not only promotes the dissociation of lithium salts but
also provides sufficient segment movement to insure ionic
conductivity. So it can be considered as a potential candidate
for the polymer electrolyte. Hyperbranched polyether [19, 20],
hyperbranched polyester [21, 22] and hyperbranched polyure-
thane [23-25] have been intensively studied as polymer elec-
trolytes in the past years. But the poor ionic conductivity at
room temperature could not satisfy the need for real applica-
tion in lithium batteries. Pan synthesized an organic-inorganic
hybrid polymer electrolyte from y-glycidoxypropyl
trimethoxy silane, cyanuric chloride and a polyether amine
for the first time. The conductivity was up to 4.4x 107> S/cm
at 30 °C after blending with LiClO,4 [26]. This finding opens
up a new direction for hyperbranched polymer electrolytes.

It has been well confirmed that the addition of ceramic fillers
improves the conductivity of polymer hosts and their interfacial
properties in contact with the lithium electrode [27]. The effects
of filler species, filler size and filler content on the composite
polymer electrolyte were mostly studied [28-30]. It was found
that the size of the filler played an important role in improving
ionic conductivity. The nano-scale particles exhibit better im-
provement than micro-scale ones due to the nanometer size
effects. Meanwhile, hyperbranched polymer is considered with
poor mechanical properties owing to lack of chain entangle-
ment, which limits its application in polymer electrolyte mem-
branes. Previous studies have shown that incorporating inor-
ganic nano-filler to polymer electrolyte is beneficial not only
to ionic conduction but also to mechanical properties [31].

Therefore, in the present investigation, AB, type monomer
was synthesized through Michael addition reaction and then
self-condensation on the surface of nano-silica pretreated by
3-aminopropyltriethoxysilan (APTES) and methyl methacry-
late (MMA) to fabricate solid-state polymer host. During the
polycondensation process, hyperbranched poly (amine-ester)
(HBPAE) and the hypergrafted nano-silica (SiO,-g-HBPAE)
were simultaneously prepared and blended. A series of com-
posite polymer electrolytes were prepared via changing the
dosage of hypergrafted nano-silica and lithium perchlorate,
denoted as (SiO,-g-HBPAE/HBPAE/LiCIO,) in the following
section. The syntheses of AB, monomer and SiO,-g-HBPAE/
HBPAE composites were totally characterized. Meanwhile,
the effects of the hypergrafting modification of nano-silica,
nano-filler loading content and lithium salt dosage on the
properties of composite polymer electrolytes were investigat-
ed. Comparing to traditional polymer electrolytes study, this
work is hoped to provide a method for preparing solid-state
polymer electrolytes with high ionic conductivity and good
mechanical property.
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Experimental
Materials and reagents

Lithium perchlorate (LiClO,) (Alfa Aesar, USA) was dried
under vacuum at 120 °C and reserved in a nitrogen-filled
glove box (Etelux Lab2000). Fumed nano-silica (Aerosil
380) with an average primary particle size of 7 nm was sup-
plied by Degussa Co., Germany. MMA, diethanolamine
(DEA) (Alfa Aesar, USA) and APTES (Aladdin Co., China)
were used as received. Toluene and acetonitrile was refluxed
over calcium hydride for 12 h and then distilled under nitrogen
before use.

Preparation of samples

Surface treatment of nano-silica The nano-silica was dried
at 110 °C under vacuum for 48 h before use. The mixture of
10.0 g nano-silica, 20.0 g APTES and 400 ml toluene was
ultrasonically vibrated for 15 min and then refluxed with stir-
ring for 24 h. Then, the temperature of the mixture was
lowered to 30 °C, and 18.1 g MMA with sodium ethanolate
was added as a catalyst. The reaction was maintained at 40 °C
for a week under N, atmosphere. Such pretreated silica was
recovered by centrifugation, extracted by toluene in a Soxhlet
apparatus for 24 h to remove excess APTES coupling agent
and MMA and finally dried under vacuum at 40 °C for 48 h,
then at 100 °C for 12 h. Thus, reactive groups were introduced
onto the surface of the nano-particles (for the convenience of
discussion, the pretreated nano-silica was denoted as SiO,-
APTES-MMA in the following section). The amount of the
coupling agent attached to nano-silica surface is 19.2 wt% as
convinced by TGA measurement.

The synthesis of AB, monomer AB, monomer was synthe-
sized by MMA and DEA through Michael addition reaction.
The molar ratio of two reactants was 1.1:1.0 (MMA:DEA).
Sodium ethoxide of 0.5 wt% was used as catalyst. The reac-
tion was kept at 40 °C for a week under N, atmosphere.
Unreacted substance was removed from the system under re-
duced pressure at 60 °C on a rotary evaporator.

Polymerization and hypergrafting The hyperbranched
polymer was prepared as follows (Scheme 1): Firstly, a certain
amount of SiO,-APTES-MMA and AB, monomer (the pro-
portion of SiO,-APTES-MMA was separately 0, 5, 10, 15, 20
and 25 wt%) was added into the four-necked flask equipped
with a thermometer, a blender and a condenser. Under vigor-
ous agitating and reduced vacuum, the mixture was kept at
60 °C for 1 h, 80 °C for 1 h, 100 °C for 2 h and 120 °C for 4 h.
Then, a certain amount of LiClO, dissolved in acetonitrile was
added to the mixture to form a viscous solution. Finally, the
blending solution was poured into silicone rubber mold,
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Scheme. 1 The synthesis of
hyperbranched nano-silica
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evaporated and dried in vacuum at 50 °C for 24 h to prepare
composite polymer electrolytes (CPEs).

Characterization of samples
The synthesis of AB, monomer and SiO,-g-HBPAE/HBPAE

was traced by fluorescence spectrometry (FS, VARIAN/Cary
Eclipse). The nano-silica grafting ratio and thermal stability of
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the composite polymer electrolytes were determined by a
Netzsch TG 209 thermo gravimetric analyzer (TGA) in nitro-
gen with a heating rate of 20 °C/min. The effect of nano-filler
on the glass transition temperature (7g) was tested by differ-
ential scanning calorimetry (DSC, TA/Q10). Transmission
electron microscopy (TEM, Jeol/JEM-2010HR) and static
light scattering (SLS, Brooken Haven/BI-200SM) were ap-
plied to look into the size of SiO,-g-HBPAE and the
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dispersion of SiO,-g-HBPAE in DMF solution and HBPAE
host. Rheological tests studied the content of SiO,-APTES-
MMA on the CPEs’ mechanical properties. Gel permeation
chromatography (GPC) was used to characterize molecular
weight of polymer HBPAE.

The ionic conductivities of the CPEs were measured by
Broadband dielectric spectrometer (Dielectric spectrometer,
Triton technology). The electrolyte membranes with a thick-
ness ranged from 100 to 200 um were sandwiched between
two platinum-plated parallel electrodes. The electrodes have a
diameter of 20 mm fixed by electrode clamping block in a
chamber. The temperature can be controlled with an accuracy
+0.1 °C with liquid nitrogen. All tests were carried out at the
amplitude of 1.0 Vunder a dry inert atmosphere. The lithium-
ion transference number of the sample was measured by
chronoamperometry and impedance measurements in electro-
chemical workstation (IM6e, Zahner Zennium, Germany).

Results and discussion
The synthesis of SiO,-g-HBPAE/HBPAE

Previous study has shown that the tertiary nitrogen can be
excited to Rydberg state under UV irradiation and then
emits fluorescence [32]. But for a low molecule tertiary
amine compound, fluorescence is usually not observed
due to the excited state being sensitive to the environment
and the fluorescence quenching by intermolecular colli-
sions. A tertiary amine has been produced during the
preparation of AB, monomer through the Michael addi-
tion reaction between MMA and DEA. At the same time,
a relatively large steric hindrance group was introduced,
which could reduce the extent of fluorescence quenching.
So fluorescence spectrum can be used to trace the synthe-
sis of AB, monomer. Fluorescence intensity displayed in
Fig. la increased along with the reaction time indicated
that AB, monomer was successfully prepared.

The molecule weight of products increases along with
the reaction time during the tri-functional AB, monomer
polycondensation process. So it was essential to control
the reaction time to avoid gelation occurrence. But it was
difficult to study the kinetics of AB, monomer polymer-
ization due to the lack of efficient characterization meth-
od. Yu studied the effects of reaction time on the poly-
merization by testing the degree of branch and molecular
weight to optimize the reaction time [33]. This process
was cumbersome and lengthy. In this work, fluorescence
spectra were applied to characterize the hyperbranched
condensation reaction process. The tertiary nitrogen was
located in the polymer chain as branched units in
hyperbranched (amine-ester), which could reduce the col-
lision between tertiary nitrogen. The molecular weight
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Fig. 1 a The fluorescence spectra of synthetic monomer during reaction
time. All the samples were dissolved in ultra-pure water at a concentration
of 0.008 g/ml. b The fluorescence spectra of synthetic HBPAE during
reaction time. All the samples were dissolved in N, N-dimethylformamide
(DMF) at concentration of 0.008 g/ml

increased, and the movement of the polymer chain was
slowed down along with reaction time, so the fluores-
cence intensity of the product became strong progressive-
ly. Therefore, the fluorescence spectra can be also used to
track AB, monomer polymerization. As shown in Fig. 1b,
the fluorescence intensity was equal to monomer at 60 °C
(1 h) when the system did not initiate the polymerization.
But when the temperature was rising to 80 °C (2-3 h),
increasing fluorescence intensity indicated the AB, mono-
mer was starting to polymerize. When the temperature
was set up to 120 °C (6-9 h), the polymerization reaction
accelerated, and the apparent viscosity together with fluo-
rescence intensity increased significantly. After 3 h poly-
condensation, the fluorescence intensity tended to remain
unchanged, which meant the attainment of equilibrium.
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Hence, subsequent hyperbranched grafting process was
carried out under this condition.

The characterization of SiO,-g-HBPAE/HBPAE
The dispersion and distribution of SiO,-g-HBPAE

The TEM images of hypergrafted nano-silica (SiO,-g-
HBPAE) with different loading of SiO,-APTES-MMA (0~
25 wt%) were displayed in Fig. 2. Figure 2a exhibits the mor-
phology of HBPAE without incorporation of nano-silica. The
loading of SiO,-APTES-MMA when synthesizing SiO,-g-
HBPAE/HBPAE played an important role in the nano-silica
dispersion (Fig. 2b-f). The results show that the incorporation
of HBPAE could prevent nano-silica from self-aggregation.
The corona with SiO, as cores (SiO,-g-HBPAE) has been
estimated to be an average thickness of 10~50 nm at the
loading of 5~10 wt% of modified nano-silica (Fig. 2b-c). As
the loading of nano-silica is higher, the dispersion state of
Si0O,-g-HBPAE becomes poorer. Furthermore, the SLS results
in Fig. 3 show that the average diameter of SiO,-g-HBPAE in
DMEF solution ranged from 180 to 320 nm depending on the
content of nano-silica loading during the synthesization of
SiO>-g-HBPAE. The less nano-silica loading, the larger corona
obtained.

The grafiing ratio of hypergrafted nano-silica

For the hypergrafted nano-silica, two characteristic decompo-
sition temperature stages of TGA curves can be observed,

which are assigned to the decomposition of the terminal
groups (T;~200 °C) and polymer chains (T,~400 °C), re-
spectively (see supporting information Fig. S1). The grafting
ratio of the hypergrafted nano-silica was estimated by the total
weight loss of samples at 700 °C. In Fig. 4, the T;, T, and
grafting ratio are plotted against the loading of SiO,-APTES-
MMA. The values of T| of hypergrafted nano-silica are almost
unchanged, which is ascribed to the decomposition of hydrox-
yl groups, while those of T, are slightly increased at higher
loading benefited from the nano inclusions. When the loading
of modified nano-silica was 15 wt%, the highest grafting ratio
of the hypergrafted nano-silica reaches 283.1 %.

The DSC characterization of SiO,-g-HBPAE/HBPAE

As mentioned in the “Introduction” section, lowering glass
transition temperature and increasing the polymer chains mo-
bility are effective methods to improve ionic conductivities.
Many studies indicated that segmental motion of the polymer
chains was an essential element to design new polymer elec-
trolyte [8—16]. So it is necessary to investigate the influencing
factor on glass transition temperature (7) of the SiO,-g-
HBPAE/HBPAE. As shown in Fig. 5, the T, of specimen
shifted significantly from 38.4 to —51.9 °C when loading
5 wt% SiO,-APTES-MMA. But when an excess amount of
nano-particles was added, the 7, value increased along with
Si0,-APTES-MMA doping content. This change can be
interpreted by hydrogen bond and nano-filler effect in com-
posites. A large number of hydrogen bonds can be formed
between HBPAE homopolymer due to the terminal hydroxyl.

Fig. 2 Dispersion of SiO,-g-HBPAE with different SiO,-APTES-MMA loading
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Fig. 3 The diameters of SiO,-g-HBPAE particles with different loading
of Si0,-APTES-MMA measured by SLS. The samples were dissolved in
N,N-dimethylformamide (DMF) at a concentration of 0.001 g/ml and
tested at 25 °C

This strong interaction between molecules strengthened the
polymer chain entanglement and obstructed the segmental
movement, leading to a high glass transition temperature.
Also bearing plenty of hydroxyl groups on the surface of
Si0,-g-HBPAE, when it incorporated to the HBPAE host, it
could work as a solid plasticizer, just like multi-hydroxyl
small molecule plasticizers, interacting with HBPAE hydroxyl
groups and weakening HBPAE intermolecular interaction or
even breaking the intermolecular hydrogen bonds [31]. These
interaction changes in HBPAE host could promote the glass
transition temperature shift to lower zone, as shown in Fig. 5.

The T, shifted to high value along with the increasing
hypergrafted nano-silica contents when it exceeds 5 wt%,
and this was a general trend of the effect of the nano-fillers
on the 7, of composites. Too much nanoparticle loading con-
tent in Si0,-g-HBPAE/HBPAE composites may hinder the
movement of polymer chains. It is noted that SiO,-g-
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Fig.5 The DSC characterization of SiO,-g-HBPAE/HBPAE composites
with different SiO,—~APTES-MMA loading, DSC experiment was carried
out with a rate of 5 °C/min in N, atmosphere

HBPAE with a grafting ratio of 283.1 % has the highest 7,
of —17.2 °C (see supporting information Fig. S2).

The rheological behaviour of SiO,-g-HBPAE/HBPAE

The incorporation of hypergrafted nano-silica into HBPAE
could increase the rheological properties. In the frequency
sweep mode of samples, the elastic shear modulus (G') and
viscous shear modulus (G') of the composites are almost the
constant at the small strain amplitude and dropped when stain
amplitude exceeds a certain threshold value (see supporting
information Fig. S3). The G'and G” of HBPAE are signifi-
cantly improved with the loading of SiO,-APTES-MMA. The
hypergrafted nano-silica can act as reinforcing phase due to its
inherent strength and good interface compatibility with the
HBPAE matrix. With the increase of nano-filler loading, the
friction among nano-fillers would also increase. The compos-
ite with 10 wt% of SiO,-APTES-MMA inclusions exhibits
the highest modules of G’ and G”, with the grafting ratio of
almost 117.8 % for the nano-silica. However, the inorganic
fillers slightly deteriorate the deformation rate of the samples
with a smaller strain threshold value. Too much addition of
nano-inclusion may be highly aggregative, which causes the
failure of nano-filler effect.

The electrochemical properties of SiO,-g-HBPAE/HBPAE
CPEs

The ionic conductivities of SiO,-g-HBPAE/HBPAE CPEs
with different loading of SiO,-g-HBPAE and LiClO, were
investigated at a temperature range from 20 to 100 °C. In the
following experiments, 100 KHz was taken to measure the
ionic conductivity (o) of CPEs for comparison according to
our previous work [31].
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In order to study the influence of SiO,-g-HBPAE on the o
of CPEs, a series of samples were made with 30 wt% LiCIOy4
doped. The obtained o variation of the different loading of
nano-silica feeding as a function of temperature reciprocal is
shown in Fig. 6a. It was noticeable that the ionic conductivity
improved progressively with the addition of SiO,-APTES-
MMA compared to HBPAE host at low loading. When the
loading of fillers reached a content of 10 wt%, the specimen
gained the maximum value of ionic conductivity at testing
temperature. The glass transition temperature was shifted to
high temperature along with the SiO,-APTES-MMA loading,
which was unfavourable for ionic transportation. This is why
the ionic conductivity decreased when SiO,-APTES-MMA
content exceeding 10 wt%. Meanwhile, as the molecule of
HBPAE was about 2000 according to the GPC result, the
interaction between HBPAE chains was too weak to afford
good mechanical property without nano-silica particles.
Hence, a proper loading content has to be optimized to gain
both high ionic conductivity and good mechanical property. A
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Fig. 6 a The effect of SiO, loading on the ionic conductivity of SiO,-g-
HBPAE/HBPAE/LiClO4 (LiClO4 content: 30 wt%); b the effect of
LiClO4 content on the ionic conductivity of SiO,-g-HBPAE/HBPAE/
LiClO, (loading of 10 wt% SiO,-APTES-MMA: 10 wt%)

weight percent of 10 was considered to be an optimized value
according to the dielectric and rheology results.

It also can be seen from the plots that the temperature
dependence of o shows approximate Arrhenius behaviour
with slight deviation across the entire testing temperature.
This is because ionic transport in CPEs appears to be occurred
on the surface of the nano-particles or through a low-density
polymer phase at the interface, decoupled from the polymer
relaxation mechanisms, leading to an Arrhenius-type, almost
straight-line plot [34—39]. But when in a hybrid system espe-
cially at a high nano-particle loading, some active plots of the
nano-fillers were covered up due to the agglomeration, which
might result in deviation from Arrhenius behaviour for CPEs.
In this situation, Li-ions therefore would be able to move both
via segmental motion of the polymer as well as by activated
hops along the surface of the fillers [40].

Then, a series of specimens with different LiClO, doping
contents were prepared under a fixed content of 10 wt% SiO,-
APTES-MMA. As shown in Fig. 6b, the ionic conductivity
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Fig. 7 a Chronoamperometry curve for synthesized hyperbranched
electrolyte assembled in metal lithium/polymer electrolyte/metal lithium
cell; b electrochemical impedance spectra of metal lithium/polymer elec-
trolyte/metal lithium cell at different potentials. Frequency range 10 mHz
~100 kHz
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was significantly improved along with the LiClO,4 doping
contents and testing temperature. However, the Arrhenius
conductivity plot between conductivity and temperature was
non-linear except 30 wt% LiClO,. This indicates that neither
electrolyte system exhibited Arrhenius-like behaviour. This
phenomenon was also found in PEO-LiSO;CF; polymer ma-
trix incorporating nano-metric Al,O; [41]. The non-
Arrhenius-like behaviour was associated with dynamic tem-
perature dependence restructuring of the anion “sub-lattice”
[42] or the polymer segment relaxation [43]. The conductance
performance of composite polymer electrolyte improved
along with LiClO, doping content above 30 wt%. This is a
general trend owing to the increasing number of charge car-
riers for electrolyte [44]. The non-Arrhenius behaviour indi-
cated that a comparative ability to decouple ion transport from
motions of the polymer host was also gained in such CPEs.
This affect might be attributed to the hypergrafted surface
modification. The hyperbranched poly (amine-ester) grafting
to the nano-silica has a cavity structure, which may offer an
ionic conducting channel along the interphase.

The Vogel-Tamman-Fulcher (VTF) equation was used to
fit the non-Arrhenius behaviour. The equation is shown as
follows:

o = UOT71/2expra/R (T,~,Tg) (1)

Where oy is the pre-exponential factor, 7" is the absolute
temperature, E, is the activation energy (kJ/mol), R is the
gas constant, ~8.314 J/(K-mol) and Ty is the glass transition
temperature. The calculated £, is also marked in Fig. 6. It is
shown in Fig. 6b that with 10 wt% of hypergrafted nano-silica,
the SiO,-g-HBPAE/HBPAE/30 wt% LiClO4 composite elec-
trolyte has the best ionic conductivity probably due to its low
activation energy (6.4 kJ/mol). When the LiClO,4 doping con-
tent reached 50 wt%, the conductivity was dramatically en-
hanced, a promising conductivity of about 1.4x 107> S/cm at
room temperature.

The transference number (t,) of synthesized hyperbranched
electrolyte of this optimized CPE was measured in a simulated
battery by an assembly of metal lithium/polymer electrolyte/
metal lithium together. The value of t. is calculated according
to the formula (2) as follows:

 Is(AV-IoR?)

- Io(AV-ISRY) @)

Ly

where [ is the initial current; AV'is the applied potential, AV=
50mV I is the steady-state current; R? and R are the electrode
resistance before and after the potentiostatic polarization, re-
spectively. The parameters of 1, I, R? and RS are determined
by chronoamperometry and impedance measurements, as
shown in Fig. 7. The calculated t, of synthesized
hyperbranched electrolyte of this optimized CPE reaches about
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~0.55. The high value of t, is probably due to the interaction
between hyperbranched structure (oxygen and nitrogen
contained) and anion (ClO,4 ) of dissociated lithium salt. The
strong interaction can greatly slow down the transportation of
ClO, so that the movement of lithium ions within the solid
electrolyte is preferred [45].

Conclusion

In summary, a solid-state polymer electrolyte of hyperbranched
nano-composites of SiO,-g-HBPAE/HBPAE/LiClO, was pre-
pared. The fluorescence spectra were used to trace the
synthesization procedure of composite electrolytes. The dis-
persed size and grafting ratio of hypergrafted nano-silica were
measured. The effect of such silica on the motion of polymer
chains and mechanical properties of HBPAE was characterized.
The conductivity of SiO,-g-HBPAE/HBPAE/LiCIO, with
10 wt% nano-inclusions and 50 wt% LiClO,4 could reach the
best of 1.4x10> S/em at 30 °C and ~10 S/cm at 100 °C.
Additionally, the transference number of synthesized
hyperbranched electrolyte can be up to 0.55. This type of com-
posite electrolyte has a potential application in polymer lithium
batteries in order to solve the liquid electrolyte leakage and
security problems.
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